We have performed nuclear magnetic resonance ͑NMR͒ measurements on gallium confined in opal. In a cooling process, between 260 and 220 K, the NMR spectra of gallium in opal exhibit two separate peaks at ϳ122.579 48 ͑low frequency, LF͒ and ϳ122.581 89 MHz ͑high frequency, HF͒. These two peaks can be interpreted as the existence of two liquid gallium phases in opal. These two liquid phases of gallium have different freezing points with a transition temperature near 260 K. The intensity of the LF signal decreases with the increase in intensity of the HF signals. The rapid changes of the Knight shift are at ϳ240 K for the LF signal and at ϳ183 K for the HF signal. The relaxation time T 1 of the NMR signals for Ga 71 rapidly changes at ϳ240 K for the LF signal and at ϳ183 K for the HF signal, which suggests that these two kinds of liquid gallium have different freezing temperatures, ϳ240 and ϳ183 K for the HF and LF phase, respectively.
I. INTRODUCTION
Two distinct phases of liquid water might coexist in the supercooled region possibly shedding light on why water has such unusual properties compared to other liquids, 1,2 including the well-known property that water shrinks when warmed from 0°to 4°C, while most other liquids expand whenever they're heated. New forms of ice, whether highdensity or low-density amorphous have been discovered by Argonne researchers and their Canadian colleagues. 3 Many scientists believe that these two ice forms are the lowtemperature manifestations of two different states of liquid water. In addition to water, recent experimental results indicate that phosphorous-a single component system can also have two different liquid phases. 4, 5 Furthermore, a first-order transition between two phases of liquids of different densities is consistent with experimental data for silica 6 and carbon. 7 Gallium is similar to water in many aspects. Like water, gallium expands upon solidification and strongly tends to supercool below its melting point. Gallium also has several crystalline structures. There are seven polymorphic modifications of gallium. 8 Bulk ␣-Ga is considered to be stable at atmospheric pressure. Its normal melting point is 302.9 K. A modified ␤-Ga forms when the liquid is supercooled below 302.9 K and melts at 253.8 K. Other phases of gallium can exist only along with ␣-and ␤-Ga in emulsions of gallium in various dispersing media or at high pressure ͑Ͼ11.4 k bars͒. If other liquids similar to water expand as they are cooled, they could exist in two distinct liquid phases as well; therefore, it is likely that gallium has different liquid phases.
Using a high-energy x-ray transition-reflection scheme, Engemann et al. 9 studied the melting of ice in contact with SiO 2 , and they reported the formation of a quasiliquid layer below the bulk melting temperature. They also claimed that the quasiliquid layer might relate to the postulated highdensity liquid phase of water. By simulation, when water is confined between two flat walls separated by 109.5 nm, it displays a liquid-liquid transition. 10 Namely, if the water is extremely confined, distinct phases of liquid water might appear.
Pochon et al. 11 reported that different crystalline and disordered phases can be observed in gallium nanoparticles. Therefore, the most suitable method to observe the different liquid phases for gallium is through the observance of gallium nanoparticles in extremely confined containers. For example, gallium nanoparticles are formed within voids of porous matrices. Nuclear magnetic resonance ͑NMR͒ studies of water in porous materials show a freezing-point depression consistent with two to three layers of nonfreezing water on the pores' surfaces. 12 In this paper, we report on the spectra, intensities, Knight shifts, and spin-lattice relaxation times of NMR signals for gallium in opal. Experimental results indicate that there are two liquid phases for gallium within the nanoporous matrix.
II. EXPERIMENTAL RESULTS AND DISCUSSION
The sample is gallium in opal which is a package of equal-size silica spheres with diameters near 250 nm ͑the variability of the diameters themselves is less than 5%͒. 13 These spheres form a face-centered cubic lattice, and in this case two types of empty cavities exist between the tangential spheres. Voids of 100 nm diameter ͑cavities with "octahedron" configuration͒ and of 50 nm diameter ͑"tetrahedron" configuration͒ alternatively connect to each other through eight or four bottlenecklike channels, with a minimum channel diameter near 10 nm per cavity depending on the cavity type. These voids form a lattice whose symmetry is the same as that of the spheres. The total volume of voids is about 26% of the whole sample volume.
The lattices of nanosize gallium particles were prepared by impregnating the opal matrix with molten gallium under high hydrostatic pressure conditions. The shape of the gal-lium grains precisely copies the void configuration since the metal occupies all of the free matrix volume. The size of the sample is about 0.45ϫ 0.45ϫ 0.35 cm. 3 A Bruker AVANCE MSL 400 NMR spectrometer ͑reso-nance frequency 122.026 MHz for 71 Ga͒ and HP WB 73A/BB SOL5 BBHT probeheads were used to conduct NMR measurements. To detect the NMR signal, a singlepulse sequence with phase cycling was applied with a pulse duration of 4.5 s. The repetition time was 0.15 s. The corresponding characteristic time interval T 1 for relaxation of longitudinal nuclear magnetization M z ͑t͒ to its equilibrium value M 0 was measured by an inversion-recovery technique using the − t − / 2 pulse sequence, where t is the decay time and the width of the pulse is 9.0 s. The temperature dependence of the 71 Ga NMR line from liquid gallium was studied in the temperature range from 260 to 330 K, covering the melting point ͑303 K͒ and freezing point ͑298 K͒ of bulk gallium. The temperature is varied at a rate slower than 0.5 K per minute to prevent from overheating or overcooling. After the target temperature was reached, it was held for at least 15 min. The sample is small enough for homogeneity of temperature. The temperature was controlled by a Bruker AVANCE MSL 400 NMR spectrometer and measured by a commercial thermometer inside of the ͑HP WB 73A/BB SOL5 BBHT͒ probeheads.
Figures 1͑a͒ and 1͑b͒ are the NMR spectra of Ga 71 in opal. These spectra are arranged in a time sequence. The sample was heated from room temperature up to 330 K, and then cooled from 330 down to 280 K. In this temperature region ͑280 K Ͻ T Ͻ 330 K͒, there is only one peak at ϳ122.5723 MHz in the spectrum, ϳ4000 Hz lower than the frequency of Ga 71 for the macroscopic bulk gallium ͑ϳ122.5763 MHz at room temperature͒. The presence of only one peak ensures that no gallium remained on the surface of our opal sample. The sample was then cooled. As shown in Fig. 1͑b͒ , below 260 K, the NMR signal exhibits two separate peaks at ϳ122.579 48 ͑low frequency, LF͒ and ϳ122.581 89 MHz ͑high frequency, HF͒. As shown in Figs. 2͑a͒ and 2͑b͒, between 265 and 210 K, the spectra can be decomposed into two Lorentz curves. In this temperature region, the intensity of the high-frequency ͑HF͒ line increases and that of the low-frequency ͑LF͒ line decreases as the temperature decreases. Since the surface of the pore would be at a lower temperature than the center, it is quite possible that between 260 and 210 K, the LF-phase gallium gradually transfers to the HF-phase gallium from the surface to the center of the pore. A possible mechanism of the transfer of the LF-phase gallium to HF-phase gallium is that, as the temperature decreases, before the gallium in opal freezes to a solid phase, a few gallium atoms combine to form a cluster FIG. 1. ͑Color online͒ ͑a͒ The first part of the NMR spectra of Ga 71 in opal. These spectra are arranged in time sequence. The sample is heated from room temperature up to 330 K, and then cooled from 330 down to 280 K. In this temperature region ͑280 K Ͻ T Ͻ 330 K͒, there is only one peak ϳ122.57 MHz in the spectrum. ͑b͒ The second part of the NMR spectra of Ga 71 in opal. These spectra are arranged in a time sequence. The sample was cooled from room temperature down to 215 K. The spectrum starts to broaden at ϳ270 K. Between 260 and 220 K, the spectrum clearly exhibits a shoulder.
of HF-phase gallium. However, further experimental work is needed to clarify this statement. Figure 3 displays the ͑integral͒ intensity of the Ga 71 NMR signal in opal versus the temperature. The intensity of the NMR signal was measured to be relative to the NMR signal from GaAs powder which was placed in the same tube. Below 183 K, the NMR signal disappeared, which indicated that the gallium in opal was frozen. The inset of Fig. 3 shows the temperature dependence of the intensities of the HF and LF signals.
Usually, the NMR signal in a liquid phase will be much stronger than that in a solid phase. For metals in porous glass, Borisov et al. 14 reported that they did not observe a NMR signal for solid gallium and Michel et al. 15 reported that they did not observe a NMR signal for solid mercury. Therefore, neither the HF nor the LF line of the NMR spectrum of gallium in opal will relate to a solid phase.
These behaviors can also be interpreted as the existence of two liquid-gallium phases in opal. The liquid gallium relative to the high-frequency signal is called high-frequency gallium and relative to the low-frequency signal is called low-frequency gallium. If this argument is correct, above 260 K, there is only the liquid-gallium phase which connects with the LF signal in opal. As shown in Fig. 2 , between 260 and 210 K, the phase relative to the LF line will gradually transfer to that of the HF line. Below 210 K, all the gallium of the low-frequency phase has changed to that of the highfrequency phase. When the temperature is lower than 183 K, the NMR signal of Ga 71 in opal disappears, which indicates that the total quantity of gallium inside the opal is in the solid phase. As the temperature decreases, there are two factors that reduce the intensity of the LF signal. One, the LF gallium changes to HF gallium, and two, the liquid LF gallium freezes to solid gallium. As shown in the inset of Fig. 3 , between 260 and 220 K the intensity of the LF signal decreases considerably with the increase of the intensity of the HF signals. Therefore, within this temperature region, the changes in the intensities of the LF and HF signals are due to the transformation of LF gallium to HF gallium.
As indicated in the inset of Fig. 3 , below 220 K both the intensities of the LF and HF signals decrease as temperature decreases. This behavior indicates that LF gallium starts to freeze at ϳ220 K instead of changing to HF gallium. Below 210 K, there is only the HF line in the NMR spectrum of Ga 71 . At 183 K, the intensity of the HF signal rapidly diminishes, which suggests that HF gallium has a freezing point at ϳ183 K. Figure 4 displays the temperature dependences of Knight shifts of the HF and LF signals for Ga 71 in opal. The Knight shift of the HF signal is significantly larger than that of the LF signal, which strongly suggests that the HF and LF signals come from different origins. The rapid changes of the Knight shift at ϳ240 K for the LF signal and at ϳ183 K for the HF signal suggest that these two kinds of liquid gallium have different freezing temperatures. Figure 5 displays the temperature dependences of the spin-lattice relaxation time T 1 of the HF and LF signals for Ga 71 in opal, and that the rapid changes of the T 1 at ϳ240 K for the LF signal and at ϳ183 K for the HF signal further supports this argument.
III. CONCLUSIONS
In a cooling process, between 260 and 220 K, the NMR spectra of gallium in opal exhibit two separate peaks at ϳ122.579 48 and ϳ122.581 89 MHz. Between 260 and 220 K, the intensity of the LF signal decreases with the increase in the intensity of the HF signals. The rapid changes of the Knight shift are at ϳ240 K for the LF signal and at ϳ183 K for the HF signal. The relaxation time T 1 of the NMR signal for Ga 71 rapidly changes at ϳ240 K for the LF signal and at ϳ183 K for the HF signal.
Gallium in opal, which is a package of equal-size silica spheres with diameters near 250 nm, has ͑potentially͒ two different kinds of liquid phases. These two liquid phases of gallium have different freezing points with a transition temperature near 260 K. Furthermore, these two kinds of liquid gallium have different freezing temperatures which are ϳ240 and ϳ183 K for the HF and LF phases, respectively.
